The role of sperm competition in increasing sperm length is a controversial issue, because findings from different taxa seem contradictory. We present a comparative study of 25 species of snakes with different levels of sperm competition to test whether it influences the size and structure of different sperm components. We show that, as levels of sperm competition increase, so does sperm length, and that this elongation is largely explained by increases in midpiece length. In snakes, the midpiece is comparatively large and it contains structures, which in other taxa are present in the rest of the flagellum, suggesting that it may integrate some of its functions. Thus, increases in sperm midpiece size would result in more energy as well as greater propulsion force. Sperm competition also increases the area occupied by the fibrous sheath and outer dense fibers within the sperm midpiece, revealing for the first time an effect upon structural elements within the sperm. Finally, differences in male-male encounter rates between oviparous and viviparous species seem to lead to differences in levels of sperm competition. We conclude that the influence of sperm competition upon different sperm components varies between taxa, because their structure and function is different.
associated to high sperm competition levels in many taxa (mammals: Gomendio et al. 1998 , birds: Briskie and Montgomerie 1992 , amphibians: Jennions and Passmore 1993 Byrne et al. 2002 , fish: Stockley et al. 1997 , butterflies: Cook and Gage 1995 . Additionally, males from species that experience intense sperm competition have more viable sperm (Hunter and Birkhead 2002) , a greater proportion of sperm that are competent to fertilize and sperm that are more responsive to the signals emitted by the ovum . The competitiveness of an ejaculate is also largely determined by sperm motility (birds: Birkhead et al. 1999) and sperm swimming velocity (fish: Gage et al. 2004 ). The competitive advantage gained by faster swimming sperm is related either to their ability to outcompete other sperm in the race to reach the ova (Gage et al. 2004) or to their ability to remain in the sperm storage sites (Froman et al. 2002) .
Theoretical models have predicted a trade-off between sperm numbers and sperm size (Parker 1998) , so the increase in sperm numbers under sperm competition was believed to be achieved at the expense of a reduction in sperm size. However, the finding that polyandrous mammals have longer sperm than monandrous species led to the suggestion that sperm competition selects for an elongation of the flagellum presumably because it enhances sperm swimming speed (Gomendio and Roldan 1991) . Preliminary evidence linking sperm size and sperm swimming speed in a few species of mammals (Gomendio and Roldan 1991) , has now received further support by a recent analysis on a larger set of data that shows a strong relationship between the two after controlling for phylogenetic effects (Gomendio and Roldan 2008) . Additionally, recent studies in birds (Lüpold et al. 2009 ), and fish (Fitzpatrick et al. 2009 ) have found a strong positive relationship between sperm velocity and sperm length, with sperm length being associated to levels of sperm competition. Many studies exploring this hypothesis have looked for an association between sperm competition levels and sperm size on other taxa but the results are not entirely consistent between studies. Most studies have found an association between sperm size and sperm competition levels (birds: Briskie and Montgomerie 1992; Briskie et al. 1997; Johnson and Briskie 1999 , passerines: Lüpold et al. 2008 , finches: Immler and Birkhead 2007 , amphibians: Jennions and Passmore 1993 Byrne et al. 2003 , fish: Balshine et al. 2001 Fitzpatrick et al. 2009 , lepidopterans: Gage 1994 Cook and Gage 1995; Morrow and Gage 2000) , but others have found no relationship (bats: Hosken 1997 , pheasants: Immler et al. 2007 , or an inverse relationship (warblers: , fish: Stockley et al. 1997 , Drosophila: Holman et al. 2008 . In groups with ameboid spermatozoa, sperm competition does favor larger spermatozoa (mites: Radwan 1996, nematodes: LaMunyon and Ward 1999) , which crawl faster and displace smaller spermatozoa from the spermathecae (LaMunyon and Ward 1998). The causal link between sperm competition and sperm size has been shown by experimental studies in which levels of sperm competition have been manipulated leading to changes in sperm size (LaMunyon and Ward 2002) .
It has also been suggested that in mammals sperm competition should favor an increase in the size of the midpiece to increase the amount of energy that fuels motility (Anderson and Dixson 2002; Anderson et al. 2005) . Few comparative studies have tested this possibility, but evidence from studies at the intraspecific level show that, in mammals, sperm that swim faster have elongated heads and longer relative flagellum size, but shorter midpieces (Malo et al. 2006) . Conversely, in birds, sperm competition promotes an elongation of the midpiece, which in turn shows a positive association with sperm velocity (Lüpold et al. 2009 ).
One possible explanation for the contradictory results found in studies examining the influence of sperm competition on sperm dimensions, is that the different sperm components may differ in structure and function between taxa. Thus, a study on animal groups in which sperm morphology and structure departs from the better-known groups is needed.
Snakes show more prolonged copulations and higher gonadosomatic indexes in males than other close taxonomic groups (i.e., lizards) (Olsson and Madsen 1998) , and females possess sperm storage structures (Sever and Hamlett 2002) . There is also considerable variation between species in reproductive traits (see Zug et al. 2001 for a partial analysis), ranging from viviparous species in which females rely on "capital" energy (stored) for reproduction and reproduce bi-or even tri-annually, to oviparous species in which females rely on "income" energy (obtained through current feeding) and reproduce annually Brown and Shine 2002) . Moreover, snakes' mating systems exhibit a high degree of variability, which depends on the temporal availability and spatial predictability of the females, which influences sperm competition levels ranging from mating aggregations in which male/male competition is intense, to prolonged mate search systems with very low female/male and male/male encounter rates (Duvall et al. 1992; Shine 2003) . Here, we present a comparative study of 25 species of snakes to test the hypothesis that sperm competition influences sperm dimensions and structure, and that reproductive mode (i.e., viviparity vs. oviparity) influences relative testes size and sperm dimensions.
Materials and Methods

SPECIMENS AND SPERM COLLECTION
Males of 25 species of snakes were obtained by two different methods: animals captured in the wild and preserved specimens from museum and private collections. Total body length (cm), tail length (cm), snout-vent length (SVL) (cm), and body mass (g) was recorded for each male. The sample size per species varied depending on the availability of data (mean = 6.52 ± 0.67 individuals, range: 4-17); in 24 of the 25 species, at least five males were included in the study sample.
Live (captured) animals were sacrificed by decapitation following anesthetic overdosage with ketamine hydrochloride and xylazine. Testes were removed and its mass (g) was measured with a precision scale (Ohaus TA302). Because Boa constrictor occidentalis is considered a threatened species (Scrocchi et al. 2000) and has been included in Appendix I of CITES (CITES 2008) , no males from this species were sacrificed. Instead, the length and width of the testes were measured by ultrasound scanning (Sonosite 180 plus portable ecographer, linear 5-10 Mhz transducer, Sonosite Inc., Bothell, WA) and testes volume was calculated using the equation for the volume of an ellipsoid (Méndez and Villagrán 1998) . Then testes volume was converted to testes mass using a linear regression calculated from the data for the other species included in this study (testes mass = 0.0007 × testes volume − 0.0293; P < 0.0001, R 2 = 0.97). To obtain this regression line, testicular width and length (mm) of all species sampled (with the exception of B.c. occidentalis) were recorded to the nearest 0.1 mm with calipers after dissection, and testicular volume (mm 3 ) was calculated.
Spermatozoa were obtained from the terminal portion of the vas deferens for both living and preserved specimens following dissection. In the case of B. c. occidentalis, semen extraction was achieved by surgery: the specimens were anesthetized with intramuscular injections of ketamine hydrochloride (40 mg/kg) and xylazine (0.6 mg/kg) (Carpenter et al. 2001; Mader 2005) . Subsequently, males were immobilized with adherent hypoallergenic tape and a 5 cm incision was performed at approximately 10 cm from the cloacae. The semen samples were extracted from the deferent tubes. To close the wound, a double suture was performed at muscular and dermal levels. The animals were maintained in observation for at least 15 days and then released to the wild. All animals survived the procedure and none of them showed signs of infection or behavioral alterations during the observation period.
All the samples obtained for living animals were collected in a 1.5 mL plastic tube containing approximately 450 μl of phosphate buffer saline (PBS). Sperm concentration was estimated using a Neubauer chamber and the samples were diluted in PBS to a 1 × 10 6 cells/mL prior to observation. Sperm from these samples were motile and were fixed for photography with formaldehyde 2%. In the case of preserved animals the vas deferens were gently minced with a pair of scissors while immersed in PBS before sperm collection.
SPERM MORPHOMETRY
The samples were examined at 400× magnification under a phase contrast microscopy. Microphotographs of the samples were taken using a Sony DSCW50 digital camera (Sony Corporation, Tokyo, Japan) with a 6× zoom. The lengths (μm) of head (HL), midpiece (MPL), and principal piece (PPL) and total sperm length (TSL) of a minimum of 15 spermatozoa per sample were measured using software Image J version 1.38 (NIH, Bethesda, MD). Mean trait values for each species were calculated from the means from each individual of that species. Within the four species (Bothrops diporus, Liophis poecilogyrus, Lystrophis dorbignyi, and Philodryas patagoniensis) for which data from living and preserved specimens were used, no differences between them were found on sperm length or the length of any of the sperm components (Kruskal-Wallis n.s. in all comparisons).
SPERM ULTRASTRUCTURE
Sperm samples of living specimens of five species (Boa constrictor occidentalis, Bothrops alternatus, Bothrops diporus, Liophis poecilogyrus, and Waglerophis merremii) were used for transmission electron microscopy analysis. Sperm samples were processed as previously described in other studies (Tourmente et al. 2006 (Tourmente et al. , 2008 . Briefly, the samples were washed twice with PBS and centrifuged for 7 minutes at 700G. The supernatant was eliminated and the resulting pellet was fixed during 3 h at room temperature in a 3% glutaraldehyde solution in 0.1 M sodium cacodylate. The samples were postfixed in 1% osmium tetroxide in cacodylate buffer during 2 h at room temperature. The material was washed with distilled water and dehydrated in a series of ascending acetone concentrations (50%, 70%, 90%, and 100%), one intermediate step consisting of 50% acetone and 50% Araldite epoxy resin and two final steps consisting of 100% resin. The samples were then embedded in Araldite epoxy resin at 60
• C for 24-72 h. Ultrathin sections (approximately 60 nm) were mounted on 250 mesh nickel grids, and stained with a saturated solution of uranyl in etanol and lead citrate. Finally, the specimens were observed with a Zeiss LEO 906E transmission electron microscope (Carl Zeiss AG, Oberkochen, Germany) at different magnifications. The area (μm 2 ) of the fibrous sheath and the outer dense fibers in position 3 and 8 was measured using Image J version 1.38 (NIH).
DATA ANALYSIS
To evaluate the influence of relative testes mass on sperm dimensions, we used HL, MPL, PPL, and TSL for all species as dependent variables and relative testes mass (i.e., an index of sperm competition) as predictor. To accurately represent relative testes mass as a measure of sperm competition, we performed multiple regression analyses including both testes mass and body mass as predictors of sperm dimensions. Moreover, because our exploratory analyses appeared to indicate that reproductive mode could influence sperm competition in snakes, we added this variable as a factor in our model. Because predictor variables were related to each other (thus nonorthogonal), multiple regression analysis was performed using a sequential (Type I) sum of squares, in which the predictor variables were added to the model in the following order: reproductive mode, body mass, testes mass. Additionally, we tested the association between relative testes mass and ultrastructural measurements within the midpiece. This analysis was performed via multiple regressions using the areas of the fibrous sheath and outer dense fibers 3 and 8 as dependent variables, with testes mass and body mass as predictors. We could not include reproductive mode as a factor in this analysis because of the low number of datapoints, therefore inferences about its effects on sperm ultrastructure will not be made in this study.
Given that species data are not necessarily free of phylogenetic association, they may share character values as a result of a common ancestry rather than independent evolution (Harvey and Pagel 1991) , and thus, would not provide independent datapoints for comparative analysis (Felsenstein 1985) . To control for this phylogenetic inertia, we used a generalized least-squares (GLS) approach in a phylogenetic framework (Freckleton et al. 2002) . This method estimates (using maximum likelihood) a phylogenetic scaling parameter lambda (λ), which represents the transformation that makes the data fit the Brownian motion evolutionary model. If λ values are close to 0, the variables are likely to have evolved independently of phylogeny, whereas λ values close to 1 indicate strong phylogenetic association of the variables. The GLS method allows a variable degree of phylogenetic correction according each tested model, and this constitutes an advantage when different traits have different levels of phylogenetic association. The estimation of λ values and GLS analyses were performed using a code written by R. Freckleton for the statistical package R version 2.7.2 (R Foundation for Statistical Computing, Vienna, Austria) and the maximum likelihood value of λ was compared against models with λ = 1 and λ = 0.
Because a complete phylogeny for all analyzed species was not available, a phylogenetic reconstruction was used (Fig. 1) . To construct it, the phylogeny of the Neotropical Xenodontines based in molecular characters (Vidal et al. 2000) provided most of the tree; taxa not included in that tree were added from other studies: an hemipenial morphology analysis for other Xenodontine snakes (Zaher 1999 ), a morphologic phylogeny for pit vipers (Martins et al. 2002) , and two molecular phylogenies (Slowinski and Lawson 2002; Vidal and Hedges 2002) for the placement of Boa, the Elapidae, and the general relationships among the groups. Because the branch lengths were available only for a small fraction of the species, and some phylogenetic relationships are uncertain, equal branch lengths were used in the analysis.
The original data were log 10 -transformed to normalize the distributions and all the analyses were conducted with R version 2.7.2 and InfoStat version 2007p (Grupo Infostat, Facultad de Ciencias Agropecuarias-Universidad Nacional de Córdoba, Córdoba, Argentina) at α = 0.05. We avoided the use of Bonferroni correction because it increases the chances of committing type II errors (Nagakawa 2004) . Alternatively, we calculated the effect size r from F values (Rosenthal 1991; Rosenthal 1994; Rosnow and Rosenthal 2003) obtained from the GLS model; effect sizes ≥ 0.5 were considered large (Cohen 1988) . Finally, we calculated the noncentral confidence limits (CLs) for r, which indicate statistical significance if 0 is not contained within the interval (Smithson 2003) .
To be able to show values for relative testes size in the figures, we used gonadosomatic index (GSI), which was calculated as testes mass (g) divided by body mass (g), multiplied by 100 (Olsson and Madsen 1998) . However, because this measure has been criticized as an accurate index of sperm competition levels due to allometric problems (Tomkins and Simmons 2002), we have not used it in any of the statistical analyses.
Results
SPERM MORPHOMETRY
The spermatozoa of all analyzed species followed the general morphological pattern described for the ophidian (Oliver et al. 1996) as they presented a filiform shape and were clearly divided in two parts: head and flagellum, the latter containing two sections (midpiece and principal piece or "rest of the flagellum"). TSL ranged from 85.74 to 159.45 μm. The head had a narrow, elongated, and curved shape, and its rostral portion (which contains the acrosomal vesicle) was slender and ended in a curved shape. HL accounted for 10.78% of TSL (range: 10.26-12.33 μm). The Figure 2 shows the spermatozoa of species with short and long midpieces in relation to total flagellum length. The principal piece was very thin and constituted the last observable portion of the sperm cell as the endpiece could not be distinguished. It accounted for 29.76% of TSL (range: 25.32-43.52 μm). The midpiece showed extreme interspecies variability (CV = 30.276) in comparison to head and principal piece (CV = 4.595 and CV = 12.857, respectively).
ASSOCIATIONS BETWEEN SPERM MORPHOMETRY, RELATIVE TESTES MASS, AND REPRODUCTIVE MODE
Both MPL and PPL showed a positive correlation with TSL after accounting for phylogenetic effects (MPL: P < 0.0001, R 2 = 0.87; PPL: P = 0.0295, R 2 = 0.19), which was stronger for MPL.
On the other hand, HL was not significantly associated with any other sperm component; neither was midpiece related to PPL. After accounting for phylogenetic effects, TSL increased with relative testes mass across the 25 snake species examined ( Table 1 ; Fig. 3A) . Moreover, the length of all sperm sections was associated with relative testes mass, showing large effect sizes for this predictor variable (Table 1 ; Fig. 3B,C,E) . Nevertheless, the midpiece showed the strongest association (P = 0.0070, R 2 = 0.51), and the principal piece the weakest (P = 0.0389, R 2 = 0.27) ( Table 1) . We found a significant effect of reproductive mode on relative testes mass, with oviparous species showing relatively larger testes than viviparous species (Table 1) . Additionally, reproductive mode affected TSL and MPL in the same manner (Table 1) : oviparous species had longer sperm (Fig. 4A ) and longer midpieces (Fig. 4C ) than viviparous species. However, no differences in HL (Table 1 ; Fig. 4B ) or PPL (Table 1 ; Fig. 4D) were found between the two groups. Lambda (λ) values were significantly close to 1 for TSL and PPL, and significantly close to 0 for HL. MPL showed a high λ value, which, however, was not significantly close either to 0 or to 1 (Table 1) . Thus, TSL and PPL are under strong phylogenetic effects, whereas HL and MPL are not.
ASSOCIATIONS BETWEEN ULTRASTRUCTURAL SPERM TRAITS AND RELATIVE TESTES MASS
The sperm midpiece of the species examined consists of an axoneme surrounded by a fibrous sheath, which is not penetrated by the distal centriole and an outer mitochondrial layer. The axoneme is characteristically arranged in a 9 + 2 pattern of double microtubules, each one associated with one outer dense fiber. The fibers at doublets 3 and 8 are highly engrossed in a double structure with its outer half detached from their corresponding doublet, and associated to a specialized region of the fibrous sheath, the latter surrounding the axoneme and the peripheral fibers. Externally to the distal centriole and the fibrous sheath, there is a single layer of mitochondria, which have linear cristae, with small, mostly circular profiles. Figure 5 presents micrographs of transverse sections of the sperm midpiece of snake species. When species were compared, we found differences in the size of two components of the midpiece, namely, the fibrous sheath area (Kruskal-Wallis P = 0.0003, H = 21.31; Fig. 6A ) and the outer dense fibers 3 and 8 areas (Kruskal-Wallis P < 0.0001, H = 41.55; Fig. 6B ).
After accounting for phylogenetic effects, linear regression analyses showed that both the area of the fibrous sheath and the area of outer dense fibers 3 and 8 were positively associated with relative testes mass ( Table 2 ). In addition, both ultrastructural traits showed a strong positive correlation with TSL and MPL, showing very high effect sizes (Table 3) . Conversely, these ultrastructural traits were not associated with HL and PPL (Table 3) .
Models correlating ultrastructural sperm traits with relative testes mass evidenced low λ values, indicating a weak effect of phylogeny. Conversely, those models correlating ultrastructural sperm traits with sperm morphometry revealed strong phylogenetic effects (high λ values). Nevertheless, in both cases these values were not significantly close either to 0 or to 1 (Tables 2  and 3) .
Discussion
In the present study we show that, among snakes, sperm competition favors an increase in TSL, which results mainly from an elongation of the midpiece. In the snake species included in the study, the midpiece is by far the largest sperm component and shows a high degree of variation between species. In contrast, the head and the principal piece account for a much smaller proportion of sperm length and show a lower degree of variation between species. In addition, we show that reproductive mode influences total sperm and MPL by affecting sperm competition levels. Finally, an ultrastructural comparison revealed an increase in the size of the fibrous sheath and outer dense fibers contained within the midpiece associated with an increase of MPL and relative testes size.
In mammals, the midpiece consists in the axoneme, the outer dense fibers and a surrounding mitochondrial sheath, whereas the other major cytoskeletal structures of the sperm tail (the fibrous sheath) are present only in the principal piece (Eddy and O'Brien 1994) . In contrast, the reptilian midpiece constitutes a more complex structure, which integrates the axoneme, the outer dense fibers, the fibrous sheath, and the mitochondrial sheath (Jamieson 1999) . Thus, in snakes, the midpiece combines structures found in different components of the mammalian sperm and could therefore integrate their functions as well.
Moreover, although in mammals the midpiece is rigidly supported by the outer dense fibers, the snake sperm midpiece is highly flexible (the outer dense fibers 3 and 8 are attached to the fibrous sheath forming a bendable structure) and participates in the flagellar waves of movement (M. Tourmente, pers. obs.) .
Among mammals, mitochondria in the midpiece have traditionally been considered as the source of energy for sperm movement (Turner 2006) . However, recent evidence suggests that glycolysis, which takes place along the fibrous sheath in the principal piece, could provide most of the energy to sustain sperm motility (Narisawa et al. 2002; Miki et al. 2004; Turner 2006) . Furthermore, it has been demonstrated that it functions as a scaffold for localized proteins involved in signaling cascades (Eddy et al. 2003; Eddy 2007) , which are critical for normal flagellar function (Miki et al. 2002; Eddy et al. 2003; Turner 2006) . There is no available information regarding snake sperm metabolism. However, because the snake sperm midpiece contains structures, which in other taxa are separated between the midpiece and the principal piece, it is possible that in snakes the midpiece integrates all these metabolic functions. Thus, an elongation of the midpiece may result in stronger propulsion force, more mitochondria and an increase in the energy produced by glycolysis. Moreover, although an increase in size of the fibrous sheath and outer dense fibers 3 and 8 may respond to greater structural support requirements related to the elongation of the midpiece, it could also respond to the need of a larger signaling and metabolic apparatus. Sperm competition could increase sperm swimming velocity by favoring changes in sperm ultrastructure, which have so far remained overlooked. As a consequence, the capabilities of the spermatozoa in relation to sperm swimming velocity, the duration of motility, and/or the ability to survive for long periods of time in female storage organs, would be enhanced.
Our findings suggest that the influence of sperm competition upon the different sperm components is likely to differ between taxa, because the structure and function of those components vary between them. Thus, comparative studies should pay greater attention to potential differences in the structure and function of different sperm components between taxa, to understand the adaptive value of changes favored by sperm competition. As argued previously, an increase in the size of the midpiece would not have the same consequences in snakes as it does in mammals, so care should be taken to avoid the wrong assumption that because sperm components are superficially similar in their morphology they perform equivalent functions in different taxa and should respond to selective pressures in a similar way. In relation to the lower relative testes mass, shorter sperm, and shorter midpiece displayed by viviparous species, the patterns found in this study could be related to the influence of reproductive mode and life histories upon sperm competition levels. Viviparous reproduction requires energetically expensive behaviors (Shine 1988 (Shine , 2003 Chiaraviglio 2006; Cardozo et al. 2007; Chiaraviglio and Bertona 2007) , which increase the energetic thresholds needed to undertake a reproductive event (Naulleau and Bonnet 1996) , resulting in lower reproductive frequencies for females (Bertona and Chiaraviglio 2003; Shine 2003) . These features would skew the operational sex ratio in favor of males, increasing male/male competition (Madsen et al. 1992; Shine 2003) . However, five out of 10 viviparous species analyzed in the present study (the genera Boa, Bothrops, and Crotalus) are included in taxa, which are associated with the "prolonged mate searching polygyny" (the mating system of the other viviparous species are unknown). This mating pattern selects for males that have the skill and endurance to transverse long distances (Duvall et al. 1992; Rivera et al. 2006 ) searching for widely distributed, spatially unpredictable, and/or scarce females (Duvall et al. 1992) , while forgoing feeding (Madsen and Shine 2000) and exposing themselves to high mortality risks (Aldridge and Brown 1995; Bonnet et al. 1999) . As these activities are extremely costly for males in terms of energy utilization (Olsson et al. 1997; Aldridge and Duvall 2002) and females have such low spatial predictability, the rate of male-female encounter is likely to be relatively low. Because males are solitary searchers in snake species with prolonged mate searching polygyny (Aldridge and Duvall 2002; Shine 2003) , this scenario would also decrease the rate of malemale encounters, thus relaxing sperm competition pressures.
The relationships between sperm competition and sperm morphology, ultrastructure and physiology appear extremely complex and the adaptive significance of the patterns so far described remains unclear. Studying a greater diversity of taxa will contribute to provide a clearer picture of how sperm competition shapes sperm morphology and function, and the adaptive consequences of such changes.
